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theoretical  work  related  to  this  technique  have  been  performed. 

In  the  past  years  significant  progress  has  been  made  including  publication  of 
thirty  one  papers  and  thirty  one  presentations  in  national  and  international  meetings 
and  two  reports.  Some  of  the  important  results  obtained  are: 

a)  ‘The  SAW  probing  technique  for  electricaJ  characterization  of  semiconductors 

has  been  performed  at  low  temperatures  down  to  77°K.  Results  obtained  with 
GaAs  agree  with  the  theoretical  expectations. 

b)  Oxides  have  been  adodically  grown 'on  GaAs  and  interface  properties  are  being 
evaluated  using  the  SAW  probe. 

c)  The  activation  of  ion-implanted  impurities  in  silicon  by  thermal  annealing 
is  being  monitored  by  the  SAW  probing  technique. 

d)  Numerical  computations  of  the  transverse  acoustoelectric  voltage  (TAV)  have 
been  performed  which  can  be  used  to  quantitatively  evaluate  the  semiconductor 
properties  non-destfuctively  from  the  experimental  TAV  data. 

e)  In  connection  with  semiconductor-electrolyte  interface  study,  the  electrical 
properties  of  CdS-Ni Cl 2  interface  have  been  determined  using  the  surface 
acoustic  wave  technique.  *\Some  interface  states  within  the  bandgap  have  been 
identified  and  found  to  ihfluence  the  electrical  properties  significantly. 

f)  In  the  field  of  optical  signal  processing,  different  configurations  for  real 
time  correlators  using  SAW-optic  interaction  have  been'  considered. 

g)  The  transient  response  of  semiconductors  under  hot  electron  condition  has 
been  calculated  for  an  inversion  layer  in  silicon  and  bulk  compound  semicon¬ 
ductors. 
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ABSTRACT 


The  research  work  can  be  broadly  classified  into  four  categories: 
1)  a  new  method  for  the  determination  of  electrical  surface  properties 
of  semiconductors  using  acoustic  surface  wave  delay  lines,  2)  a  new 
method  for  the  determination  of  electrical  properties  of  semiconductor- 
electrolyte  interface,  3)  optical  signal  processing  using  surface 
acousto-optic  interaction,  and  4)  studies  on  hot  electron  properties  of 
semiconductors.  The  method  of  surface  property  determination  is  sensi¬ 
tive  and  simple  and  requires  no  physical  contact  with  semiconductor  sur¬ 
face.  Both  experimental  and  theoretical  work  related  to  this  technique 
have  been  performed. 

In  the  past  years  significant  progress  has  been  made  including  pub 
lication  of  thirty  one  papers  and  thirty  one  presentations  in  national 
and  international  meetings  and  two  reports.  Some  of  the  important 
results  obtained  are: 

a)  The  SAW  probing  technique  for  electrical  characterization  of 
semiconductors  has  been  performed  at  low  temperatures  down 

to  77°K.  Results  obtained  with  GaAs  agree  with  the  theoreti¬ 
cal  expectations. 

b)  Oxides  have  been  anodically  grown  on  GaAs  and  interface  prop¬ 
erties  are  being  evaluated  using  the  SAW  probe. 

c)  The  activation  of  ion-implanted  impurities  in  silicon  by 
thermal  annealing  is  being  monitored  by  the  SAW  probing  tech- 


d)  Numerical  computations  of  the  transverse  acoustoelectric 
voltage  (TAV)  have  been  performed  which  can  be  used  to  quanti¬ 
tatively  evaluate  the  semiconductor  properties  non-destructively 
from  the  experimental  TAV  data. 

e)  In  connection  with  semiconductor-electrolyte  interface  study, 
the  electrical  properties  of  CdS-NiC^  interface  have  been 
determined  using  the  surface  acoustic  wave  technique.  Some 
interface  states  within  the  bandgap  have  been  identified  and 
found  to  influence  the  electrical  properties  significantly. 

f)  In  the  field  of  optical  signal  processing,  different  config¬ 
urations  for  real  time  correlators  using  SAW-optic  interaction 
have  been  considered. 

g)  The  transient  response  of  semiconductors  under  hot  electron 
condition  has  been  calculated  for  an  inversion  layer  in  silicon 
and  bulk  comoound  semiconductors. 
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1.  INTRODUCTION 


The  research  studies  under  this  contract  can  be  broadly  classified 
into  four  main  categories: 

i)  determination  of  electrical  surface  properties  of  semicon¬ 
ductors 

ii)  determination  of  electrical  properties  of  semiconductor- 
electrolyte  interface 

iii)  related  optical  signal  processing  and 

iv)  hot  electron  studies. 

The  significant  progresses  made  in  these  categories  will  be  dis¬ 
cussed  in  the  next  section.  The  details  have  been  presented  in  the  fol¬ 
lowing  thirty  one  papers  and  thirty  one  presentations  in  the  national  and 
international  meetings.  Three  students  have  obtained  their  doctoral 
degree,  two  more  are  in  the  process  of  getting  it  and  numerous  students 
have  obtained  their  Masters  degree  partially  funded  by  this  contract. 


Fapers  published  with  support  from  the  contract* 

1.  S.  N.  Chakravarti,  P.  Das,  R.  T.  Webster,  and  K.  N.  Bhat,  "CW  Argon 
Laser  Annealing  of  Anodic  Oxide  on  GaAs",  J.  Appl.  Phys.,  52(2), 
pp.  1132-1133,  1981. 

2.  P.  Das,  S.  N.  Chakravarti,  and  K.  N.  Ehat,  "Characteristics  of  GaAs- 
Anodic  Oxide  Metal-Oxide-Semiconducto*'  Solar  Cells",  0.  Appl.  Phys., 
52(3),  pp.  1605-1607,  1981. 

3.  P.  Das  and  F.  M.  Ayub,  "Real  Time  Signal  Processing  Using  the  Side 
Entry  Configuration  of  Surface  Acousto-optic  Interaction",  SPIE 
Vol.  185,  Optical  Processing  Systems,  pp.  110-117,  1979. 

4.  P.  Das,  H.  Estrada-Vazquez  and  R.  Webster,  "Transverse  Acousto¬ 
electric  Voltage  (TAV)  Spectroscopy  of  High  Resistivity  GaAs", 

J.  Appl.  Phys.,  Vol.  50,  pp.  4942-4950,  1979. 


★ 


Copies  of  the  papers  are  available  upon  request. 
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5.  J.  Scott  Moore  and  P.  Das,  "The  Transient  Response  of  Hot  Electrons 
in  Quasi -Two-Dimensional  Semtconductors" ,  0.  Appl .  Phys.,  50(12), 

pp.  8082-8086. 

6.  P.  Das,  H.  Gilboa,  K.  Varahramyan  and  R.  T.  Webster,  "Non-destructive 
Evaluation  of  Semiconductor  Surfaces  using  the  Surface  Acoustic 

Wave  Convolver",  Proceedings  of  the  14th  Electrical  Electronics 
Insulation  Conference,  IEEEE  Publication  No.  79  CH  1510-7-EI,  pp.  284- 
289,  1979. 

7.  P.  Das,  R.  T.  Webster  and  B.  Davari,  "Electrical  Properties  of 

( CdS-Ni Cl 2 )  using  Surface  Acoustic  Wave  Techniques",  Appl.  Phys. 
Letters,  vol.  34,  pp.  307-309,  1979. 

8.  R.  T.  Webster,  H.  Estrada-Vazquez ,  P.  Das  and  R.  Bharat,  "Study  of 
the  Surface  Properties  of  Thermally  Oxidized  Silicon  using  Surface 
Acoustic  Wave  Attenuation",  Solid  State  Electronics,  Vol.  22, 

pp.  541-548,  1979. 

9.  F.  M.  Ayub  and  P.  Das,  "Two-dimensional  Image  Scanning  of  Movies 
using  Surface  Acousto-optic  Interaction",  Optics  and  Laser  Tech¬ 
nology,  Vol.  11,  pp.  87-90,  1979. 

10.  P.  Das,  R.  T.  Webster,  H.  Estrada-Vazquez  and  W.  C.  Wang,  "Contactless 
Semiconductor  Surface  Characterization  using  Surface  Acoustic  Waves", 
Surface  Science,  86,  pp.  848-857,  1979. 

11.  H.  Gilboa  and  P.  Das,  "Photoconductivity  Study  of  Semiconductors 
using  the  Surface  Acoustic  Wave  Convolver",  Solid  State  Electronics, 
Vol.  22,  pp.  55-62,  1979. 

12.  F.  M.  M.  Ayub  and  P.  Das,  "Fourier  Transform  Properties  of  Acousto¬ 
optic  Lens",  Optical  Communication,  Vol.  26,  pp.  161-164,  1978. 

13.  R.  Bharat,  P.  Das,  R.  T.  Webster  and  H.  Estrada-Vazquez,  "Contactless 
Measurement  of  Carrier  Generation  Rate  in  Semiconductors",  Proceed¬ 
ings  of  the  Topical  Conference  on  Characterization  Techniques  for 
Semiconductor  Materials  and  Science,  pp.  93-105,  1978. 

14.  P.  Das,  D.  K.  Ferry  and  A.  H.  Barr,  "The  Transient  Response  of 
Quasi-Two-Dimensional  Semiconductor  Under  Hot  Electron  Conditions", 
Surface  Science,  Vol.  73,  pp.  147-155,  1978. 

15.  P.  Das,  D.  Schumer  and  H.  Estrada-Vazquez,  "Optical  Communications 
using  Surface  Acoustic  Waves",  in  Applications  of  Holography  and 
Optical  Data  Processing,  edited  by  E.  Marom  et  al.,  Pergamon  Press, 
pp.  447-455,  1977. 

16.  p.  Das,  D.  Schumer  and  F.  M.  Mohammed  Ayub,  "Color  Image  Scanning 
using  Acousto-optic  Interaction  with  Surface  Wave",  SPIE,  Vol.  84, 
Laser  Scanning  Components  and  Techniques,  pp.  91-96,  1976. 

17.  H.  Gilboa  and  P.  Das,  "Semiconductor  Surface  Spectroscopy  using 
Acoustic  Surface  Wave:  CdS",  Nuovo  Cimento,  Vol.  39B,  pp.  840-845, 
1977. 
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18.  M.  E.  Motamedi ,  P.  Das  and  R.  Bharat,  "Surface  Study  of  Ion- 
implanted  Silicon  Wafers",  J.  Appl .  Phys.,  Vol .  48,  pc.  2135-2138, 
1977. 

19.  H.  Gilboa  and  P.  Das,  "Transverse  Acousto-electric  Voltage  Inversion 
and  its  Application  to  Semiconductor  Surface  Study:  CdS",  Surface 
Science,  Vol.  62,  pp.  536-550,  1977. 

20.  M.  E.  Motamedi  and  P.  Das,  "Study  of  Ion-Implanted  Silicon  Surface 
Using  Acousto-electric  Voltage",  1976  Ultrasonics  Symposium  Pro¬ 
ceedings,  IEEE  Catalog  No.  76-CH-l 1 20-5-SU ,  pp.  205-209,  1976. 

21.  D.  K.  Ferry  and  P.  Das,  "Microwave  Hot  Electron  Effects  in  Semi¬ 
conductor  Quantized  Inversion  Layers",  Solid  State  Electronics, 

Vol.  20,  pp.  355-359,  1977. 

22.  M.  E.  Motamedi  and  P.  Das,  "Study  of  Semiconductor  Surface  Space 
Charge  Layer  Usina  SAW  Convolver",  IEEE  Trans.  Sonics  and  Ultra¬ 
sonics,  Vol.  SU-24,  pp.  271-277,  1977. 

23.  L.  Pearce,  D.  Schumer  and  P.  Das,  "Image  Scanning  using  Acousto¬ 
optic  Interaction  with  Surface  Waves",  Optics  Communication, 

Vol.  19,  pp.  65-67,  1976. 

24.  P.  Das  and  D.  K.  Ferry,  "Hot  Electron  Microwave  Conductivity  of 
Wide  Bandgap  Semiconductors",  Solid  State  Electronics,  Vol.  19, 
pp.  851-855,  1976. 

25.  P.  Das,  M.  E.  Motamedi,  H.  Gilboa  and  R.  T.  Webster,  "Determination 
of  Electrical  Surface  Properties  of  Si,  GaAs  and  CdS  Using  Acoustic 
Surface  Wave",  J.  Vacuum  Science  and  Technology,  Vol.  13,  pp.  948- 
953,  1976. 

26.  H.  Gilboa,  M.  E.  Motamedi  and  P.  Das,  "Determination  of  Energy 
Band  and  Surface  State  Locations  in  GaAs  Using  the  Separated- 
Medium  Surface  Acousto-electric  Effect",  Appl.  Phys.  Letters, 

Vol.  27,  pp.  641-643,  1975. 

27.  H.  Gilboa,  M.  E.  Motamedi  and  P.  Das,  "Study  of  GaAs  Epitaxial 
Layer  Using  the  Separated-Medium  Acoustoelectric  Effect",  1975 
IEEE  Ultrasonics  Symposium,  pp.  663-667. 

28.  M.  E.  Motamedi,  R.  T.  Webster  and  P.  Das,  "Application  of  SAW 
Delay  Line  Attenuation  and  Transverse  Acoustoelectric  Voltage  for 
Determination  of  Semiconductor  Surface  Properties",  the  1975  IEEE 
Ultrasonics  Symposium  Proceedings,  pp.  668-671. 

29.  P.  Das  and  D.  Schumer,  "Signal  Processing  Using  Surface  Acousto¬ 
optic  Interaction  in  LiNb03",  Ferroelectric,  Vol.  10,  pp.  77-80, 
1976. 
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30.  P.  Das,  M.  E.  Motamedi,  R.  T.  Webster,  "Semiconductor  Surface 
Study  by  Transverse  Acoustoelectric  Voltage  Using  Surface  Acoustic 
Wave",  Solid  State  Electronics,  Vol.  19,  pp.  121-123,  1976. 

31.  P.  Das,  M.  E.  Motamedi,  R.  T.  Webster,  "Determination  of  Semicon¬ 
ductor  Surface  Properties  Using  Surface  Acoustic  Waves",  Appi .  Phys. 
Letters,  Vol.  27,  pp.  210-212,  1975. 


Papers  presented  with  support  from  the  contract 

1.  J.  Scott  Moore  and  P.  Das,  "Hot  Electron  Effects  in  Quasi-Two 
Dimensional  Semiconductors",  presented  at  the  American  Physical 
Society  March  Meeting,  New  York  City,  March  2^-28,  1980. 

2.  K.  Varahramyan  and  P.  Das,  "Study  of  Electrical  Activation  in  Ion- 
Implanted  6aAs",  presented  at  the  American  Physical  Society  Meeting, 
March  16-29,  1981. 

3.  P.  Das,  M.  K.  Roy,  R.  T.  Webster  and  K.  Varahramyan,  "Nondestructive 
Evaluation  of  Si  Wafers  using  SAW",  presented  at  the  Ultrasonics 
Symposium,  New  Orleans,  Sept.  26-28,  1979. 

4.  P.  Das,  H.  Gilboa,  K.  Varahramyan  and  R.  T.  Webster,  "Non-destructive 
Evaluation  of  Semiconductor  Surfaces  using  the  Surface  Acoustic 

Wave  Convolver",  presented  at  the  14th  Electrical/Electronics  Insu¬ 
lation  Conference,  Boston,  MA.  Oct.  8-11,  1979. 

5.  P.  Das,  "Transverse  Acoustoelectric  Voltage  (TAV)  Spectroscopy  of 
Gallium  Phosphide,  Indium  Arsenide  and  Cadmium  Sulphide-Nickel 
Chloride",  presented  at  the  Sixth  Annual  Conference,  Physics  of 
Compound  Semiconductor  Interfaces,  Monterrey,  Calif.  Jan.  30-Feb.  2, 
1979. 

6.  P.  Das,  F.  M.  M.  Ayub  and  N.  A.  Sanford,  "Surface  Acousto-optic 
Correlators",  presented  at  the  1979  Annual  Meeting  of  Optical 
Society  of  America,  Rochester,  N.Y.,  Oct.  8-12,  1979. 

7.  P.  Das  and  F.  M.  M.  Ayub,  "Real-Time  Signal  Processing  Using  the 
Side-Entry  Configuration  of  Surface  Acousto-optic  Interaction", 
presented  at  the  SPIE  Electro-optical  Technical  Symposium,  Hunts¬ 
ville,  Alabama,  May  22-25,  1979. 

8.  R.  Bharat,  P.  Das,  R.  T.  Webster  and  K.  Varahramyan,  "Nondestructive 
Monitoring  of  Impurity  Activation  in  Ion- Implemented  Silicon  by 
Surface  Acoustic  Waves",  presented  at  the  155th  Electrochemical 
Society  Meeting,  Boston,  MA,  May  6-11,  1979. 

9.  P.  Das,  R.  T.  Webster  and  B.  Davari ,  "SAW  Characterization  of  Photo¬ 
voltaic  Solar  Cells",  presented  at  the  155th  Electrochemical  Society 
Meeting,  Boston,  MA,  May  6-11,  1979. 
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10.  P.  Das  and  R.  T.  Webster,  "Transverse  Acousto-electric  Voltage 
(TAV)  Spectroscopy  of  Gallium  Phosphide  and  Indium  Arsenide" 
presented  at  the  March  meeting  of  APS,  Chicago,  IL.,  March  1S-23, 

1979. 

11.  F.  M.  M.  Ayub  and  P.  Das,  "Information  Processing  Using  Interaction 
of  White  Light  with  SAW",  presented  at  the  Symposium  on  Optical 

Data  Display  Processing  and  Storage",  Orlando,  Florida,  January  23-26, 
1979. 

12.  P.  Das,  R.  T.  Webster,  H.  Estrada-Vazquez  and  W.  C.  Wang,  "Contact¬ 
less  Semiconductor  Characterization  using  Surface  Acoustic  Waves", 
presented  at  the  International  Conference  on  Solid  Films  and  Sur¬ 
faces,  Tokyo,  Japan,  July  5-8,  1978. 

13.  R.  Bharat,  P.  Das,  R.  T.  Webster  and  K.  Estrada-Vazquez ,  "Contactless 
Measurement  of  Carrier  Generation  Rate  in  Semiconductors",  presented 
at  the  153rd  Meeting  of  the  Electrochemical  Society,  Seattle,  Wash¬ 
ington,  May  21-26,  1978. 

14.  P.  Das,  H.  Estrada-Vazquez  and  R.  T.  Webster,  "GaAs  Surface  Spectro¬ 
scopy  using  Surface  Acoustic  Waves”,  American  Physical  Society 
March  Meeting,  Washington,  D.C.,  1978. 

15.  F.  M.  Ayub,  L.  R.  Bradshaw  and  P.  Das,  "Information  Processing 
Using  Surface  Acousto-optic  Interaction",  presented  at  the  Confer¬ 
ence  on  Laser  and  Electro-optical  Systems,  San  Dieoo,  California, 

Feb.  6-9,  1978. 

16.  F.  M.  Ayub  and  P.  Das,  "Two-dimensional  Image  Scanning  of  Movies 
using  AO  Interaction  with  Surface  Acoustic  Waves",  presented  at 
the  1977  Annual  Meeting  of  the  Optical  Society  of  America,  Toronto, 
Canada,  October,  1977. 

17.  P.  Das,  D.  K.  Ferry  and  A.  H.  Barr,  "The  Transient  Response  of 
Quasi -Two-Dimensional  Semiconductors  Under  Hot  Electron  Conditions", 
Second  International  Conference  on  Electronic  Properties  of  Two- 
Dimensional  Systems,  Berachtesgaden,  Germany,  September  19-22,  1977. 

18.  H.  Gilboa  and  P.  Das,  "Semiconductor  Surface  State  Time  Constants 
Study  using  SAW  Interaction",  San  Dieao  APS  Meeting,  March  21-24, 

1977. 

19.  M.  E.  Motamedi  and  P.  Das,  "Study  of  Ion-Implanted  Silicon  Surface 
using  Acousto-electric  Voltage",  presented  at  the  1976  Ultrasonics 
Symposium,  Annapolis,  Maryland,  September,  October  1976. 

20.  P.  Das,  D.  Schumer  and  F.  M.  Ayub,  "Color  Image  Scanning  using 
Acousto-optic  Interaction  with  Surface  Waves",  presented  at  the 
20th  SPIE  Technical  Symposium,  San  Diego,  California,  August  1976. 


m 


2'.. 


6 


P.  Das  and  K.  Gilboa,  "Semi conauctor  Surface  Soectroscopy  using 
Acoustic  Surface  Wave",  presented  at  the  International  Conference 
"Recent  Developments  in  Optical  Spectroscopy  of  Solics",  Taormina, 
Italy,  September  1976. 

22.  P.  Das  and  D.  Schumer,  "Optical  Communications  using  Surface 
Acoustic  Waves",  presented  at  the  International  Conference  on 
Applications  of  Holography  and  Optical  Data  Processing,  Jerusalem, 
Israel ,  August  1976. 

23.  C.  J.  Kramer,  M.  N.  Araghi  and  P.  Das,  "TIR  Acousto-optic  Surface 
Wave  Modulator",  presented  at  the  Conference  on  Laser  and  Electro- 
optical  Systems,  San  Diego,  California,  May  25-27,  1976. 

24.  a)  P.  Das  and  H.  Gilboa,  "CdS  Surface  Study  using  Acoustic  Surface 

Wave",  APS  Meeting,  Atlanta,  Georgia,  March  1576. 

b)  Abstract  of  the  above-mentioned  paper  published  in  Bull.  Am. 

Phys.  Soc.  Series  II,  Vol .  21,  p.  342,  1976. 

25.  K.  E.  Motamedi  and  P.  Das,  "Study  of  Ion-Implanted  Silicon  Surface 
using  Acousto-electric  Voltage",  presented  at  tne  1976  Ultrasonics 
Symposium,  Annapolis,  Maryland,  September  29-0ctober  1,  1976. 

26.  P.  Das,  D.  Schumer  and  F.  M.  Ayub,  "Color  Image  Scanning  using 
Acousto-optic  Interaction  with  Surface  Waves",  presented  at  the 
20th  SPIE  Technical  Symposium,  San  Dieao,  California,  August  23-27, 
1976. 

27.  P.  Das  and  D.  Schumer,  "Optical  Communications  using  Surface  Acoustic 
Waves",  presented  at  the  International  Conference  on  Applications  of 
Holography  and  Optical  Data  Processing",  Jerusalem.  Israel, 

August  23-26,  1976. 

28.  P.  Das,  M.  E.  Motamedi,  H.  Gilboa  and  R.  T.  Webster,  "Determination 
of  Electrical  Surface  Properties  of  Si,  GaAs  and  CdS  Using  Acousto 
Surface  Wave",  presented  at  the  Third  Conference  on  the  Physics  of 
Compound  Semiconductor  Interfaces,  NELC,  San  Diego,  February  1976. 

29.  D.  Schumer,  L.  Pearce  and  P.  Das,  "Influence  of  Light  Polarization 
on  Performance  of  Li Nb03  Surface  Wave  Acousto-optic  Devices", 
presented  at  the  1975  Annual  Meeting  of  the  Optical  Society  of 
America,  Boston,  Massachusetts,  October  1975. 

30.  L.  Pearce,  D.  Schumer  and  P.  Das,  "Image  Scanning  Using  Surface 
Acousto-optic  Interaction",  presented  at  the  1975  Annual  Meeting 
of  the  Optical  Society  of  America,  Boston,  Massachusetts,  October, 
1975. 

31.  P.  Das  and  D.  Schumer,  "Signal  Processing  Using  Surface  Acousto- 
Optic  Interaction  in  LiNb03",  presented  in  the  IEEE  Symposium  on 
Applications  of  Ferroelectrics ,  Alburquerque,  New  Mexico,  June  1975. 


Reports  * 


1.  D.  Schumer  and  P.  Das,  "Acousto-optic  Interaction  in  Surface 
Acoustic  Waves  and  its  Application  to  Real  Time  Signal  Processing”, 
ONR  Technical  Report,  December  1977,  148  pages. 

2.  H.  Gilboa  and  P.  Das,  "Nondestructive  Evaluation  of  Electrical 
Properties  of  Semiconductors  using  SAW,"  ONR  Technical  Report, 

June  1977,  187  pages. 

Patents 

1.  U.  S,  Patent  No.  4,093,976,  "Image  Scanning  Using  SAW  Devices". 

2.  Patent  Pending,  "Multiple  Buried  Channel  Charge  Coupled  Device". 

2.  RESEARCH 

2.1  DETERMINATION  OF  ELECTRICAL  SURFACE  PROPERTIES  OF  SEMICONDUCTORS 
USING  NON-CONTACT  SAW  PROBING 

A  new  technique  has  been  developed  to  determine  the  electrical  sur¬ 
face  properties  of  semiconductors  using  surface  acoustic  wave  delay  line. 
The  technique  is  unique  in  the  sense  that  there  is  no  physical  contact 
with  the  semiconductor  surface.  Using  this  method,  it  is  possible  to 
determine  the  "virgin"  surface  properties  rather  than  the  surface  prop¬ 
erties  of  the  interface  between  the  semiconductors  and  another  material. 

The  surface  acoustic  wave  is  excited  by  an  interdigital  transducer 
fabricated  directly  on  the  surface  of  a  piezoelectric  crystal.  These 
waves  propagate  in  the  vicinity  of  the  surface  with  a  velocity  slightly 
lower  than  the  bulk  shear  wave  velocity  of  the  crystal.  The  mechanical 
motions  are  confined  to  the  surface  of  the  crystal  decaying  exponentially 
within  the  crystal  away  from  the  surface.  The  surface  acoustic  wave  is 
accompanied  by  a  propagating  electric  field.  Though  this  electric  field 

★ 
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is  also  confined  near  the  surface  it  exists  both  inside  and  outside  the 
crystal.  The  decay  constant  of  the  electric  field  outside  the  surface 
is  of  the  order  of  the  surface  acoustic  wave  wavelength.  When  a  semi¬ 
conductor  sample  is  placed  in  the  proximity  of  a  surface  acoustic  wave 
delay  line,  this  decaying  electric  field  interacts  with  the  carriers  in 
the  semiconductor  surface.  Inside  the  semiconductor,  the  electric  field 
decays  within  a  Debye  length  from  the  surface,  so  for  short  Debye  length 
semiconductors,  the  interaction  takes  place  mainly  on  the  surface.  Tne 
manifestation  of  this  interaction  is  the  appearance  of  the  the  trans¬ 
verse  acoustoelectric  voltage  ( TAV ) ,  attenuation  of  the  delay  line  out¬ 
put,  a  change  in  SAW  velocity,  and  a  convolution  voltage.  The  last  one 
appears  only  when  two  inputs  are  applied  simultaneously  at  the  two  ports 
of  the  delay  line  and  has  a  frequency  twice  that  of  the  input  signal. 

By  studying  the  variation  of  these  outputs  as  a  function  of  time  while 
the  semiconductor  is  illuminated  with  different  wavelengths  and  inten¬ 
sities  of  light  or  with  a  DC  voltage  across  the  structure,  the  sample 
temperature  being  accurately  controlled,  valuable  information  is 
obtained  about  the  semiconductor  surface. 

In  general,  the  delay  line  is  Y-cut,  Z-propagating  1 ithium-niobate, 
with  interdigital  transducers  deposited  at  each  end.  A  mechanical 
arrangement  allows  placement  of  the  semiconductor  in  the  proximity  of 
the  delay  line  with  a  uniform  air  gap.  Electrical  contact  is  made  at 
the  back  of  the  semiconductor  by  metal  deposition  or  with  a  metal  plate. 
The  interdigital  transducers  provide  input-output  ports  for  the  delay 
line.  The  metal  contact  allows  monitoring  of  the  acoustoelectric  voltage 
and  can  be  used  to  bias  the  semiconductor  surface.  Provision  is  made  to 


illuminate  the  semiconductor  surface  with  monochromatic  radiation  of 
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variable  intensity  and  wavelength.  The  entire  structure  can  be  immersed 
in  a  dewar  for  accurate  control  of  temperature. 

Using  delay  line  attenuation  measurements  with  semiconductor  bias¬ 
ing,  i:  s  possible  to  determine  the  distribution  of  the  density  of  sur- 
-2  -1 

face  states  (cm  eV  )  and  majority  carrier  capture  cross  section  in 
the  energy  gap.  Photoconductivity  measurements  can  be  performed  which 
yield  carrier  lifetime  data  in  Si,  GaAs,  and  CdS.  Through  spectroscopy 
measurements  deep  level  surface  states  have  been  observed  in  GaAs. 

These  techniques  are  being  continuously  refined  and  expanded  as  our 
understanding  of  the  nature  of  the  surface  acoustic  wave-semiconductor 
interaction  deepens. 

The  properties  which  have  been  determined  using  this  technique 
are  shown  in  Table  I. 

Recently,  the  following  specific  studies  have  been  performed  in  this 

area: 

a)  The  temperature  dependence  of  deep  levels  in  GaAs  has  been 
evaluated  by  performing  TAV  spectroscopy  at  temperatures 
between  300°K  and  77°K. 

b)  Oxides  have  been  grown  on  GaAs  by  anodizing  the  single  crystal 
semiconductor  in  an  acid-glycol  bath.  The  semiconductor  is 
nondestructi vely  evaluated  before  and  after  anodization  to 
determine  the  effects  of  the  process  on  surface  electrical 
properties. 

c)  Following  implantation  in  a  silicon  substrate,  impurities  must 
be  activated  by  either  thermal  or  laser  annealing.  The  SAW 
probing  technique  has  been  used  to  nondestructive^  monitor  the 
effectiveness  of  the  thermal  annealing  cycle  by  measuring  the 
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SEMICONDUCTOR 

PROPERTY 

SAW 

MEASUREMENT 

VARIABLES 

REOUIRED 

ANALYSIS 

1 .  Conductivity 

TAV 

- 

Calibrate  theoretical 
plots  for  each  semiconductor 

2 .  Type  of 
Majority 
Carrier  Sear 
Surface 

TAV 

The  polarity  of  TAV  indi¬ 
cates  carrier  type:  Posi¬ 
tive  for  n-type,  negative 
for  p-type 

3-  Emission 
time  con¬ 
stant  ,  cap¬ 
ture  cross 
section 

Attenuation 

Scan  the  semicon¬ 
ductor  with  dc 
bias  voltage  while 
applying  an  addi¬ 
tional  bias  pulse. 

Through  analysis  of  the 
effect  of  the  pulse  at 
each  bias  point  obtain 
capture  cross-section  and 
surface  state  distribution 
as  a  function  of  energy. 

**  *  •*“*' 

Levels 

TAV 

Shine  none chro¬ 
matic  light. 

Observe  peaks  and  valleys 
in  the  spectral  response 
and  correlate  then  with 
carrier  transitions. 

5.  Surface 

State 

Density 

Attenuation 

Use  dc  bias 
voltage  to  scan 
the  semicon¬ 
ductor  surface 
from  accumulation 
to  depletion 

Compare  scans  with  theo¬ 
retical  plots  to  obtain 
flat  bend  voltage  and  sur-' 
face  state  density. 

6.  Photocon¬ 
ductivity 
Response 

Time 

Attenuation 

Shine  pulsed  light. 
Use  dc  bias  voltage 
to  deplete  or  accu¬ 
mulate  the  semicon¬ 
ductor  surface. 

Measure  the  time  constant 
caused  by  the  light  pulse. 

The  effects  of  bulk  and 
surface  recombination  can 
be  separated  by  comparing 
data  obtained  under  various 
bias  conditions. 

7.  Carrier 
Generation 
Rate 

Attenuation 

Drive  the  senicon- 
from  accumulation 
to  deep  depletion 
by  switching  the 
dc  bias  voltage. 

Observe  the  recovery  of 
the  attenuation.  This  time 
constant  is  the  inverse  of 
the  generation  rate. 

3.  Annealing 
Effective¬ 
ness  (Laser 
or  Thermal) 

TAV 

Observe  the  change  in  con¬ 
ductivity  and  type  of 
majority  carrier.  These 
indicate  the  extent  of 
annealing. 

9.  Epitaxial 
Layer 

Properties 

TAV  or 
Attenuation 

- 

SAW  measurements  are  con¬ 
fined  to  a  Debye  length. 

Thus,  the  surface  layer 
properties  are  obtained  with 
little  interference  from  the 
hulk. 

TAV  after  various  heat  treatments.  For  example,  when  a 
P-type  impurity  has  been  implanted  in  an  n-type  sample,  the 
TAV  changes  sign  when  the  sample  is  activated, 
d)  Several  refinements  have  been  made  in  the  theoretical  model 
of  the  SAW-semi conductor  interaction.  Plots  of  the  TAV  as  a 
function  of  conductivity  have  been  obtained  for  various  semi¬ 
conductors  including  Si,  GaAs,  GaP,  InAs  and  CdS.  The  plots 
are  used  to  assign  guantitative  values  to  the  semiconductor 
parameters  measured  in  the  SAW  experiments. 

2.2  DETERMINATION  OF  ELECTRICAL  PROPERTIES  OF  SEMICONDUCTOR-ELECTROLYTE 
INTERFACE  USING  SAW  PROBING 

Compound  semiconductor  technology,  especially  GaAs,  has  certain 
advantages  over  silicon  technology,  such  as  higher  frequency  operation 
of  integrated  circuits,  provided  insulating  layers  with  good  dielectric 
and  interface  properties  can  be  grown  on  compound  semiconductors.  One 
approach  to  the  growth  of  oxide  layer  on  GaAs  is  by  anodization  in  a 
solution  of  glycol  and  water.  Controlled  native  oxide  layer  on  GaAs  has 
been  grown  by  this  process  and  its  application  to  surface  passivation, 
MOS  technology,  planar  integration  and  device  fabrication  processes  such 
as  masking  and  controlled  etching  have  been  discussed.  However,  even 
the  best  anodic  oxides  grown  up  to  date  are  far  from  the  stage  where  one 
can  make  reliable  devices  routinely.  The  basic  problem  seems  to  be  the 
incomplete  understanding  of  the  electrical  properties  of  the  semicon¬ 
ductor-electrolyte  interface. 

Semiconductor-electrolyte  junction  devices  can  also  be  used  as 
photovoltaic  energy  converters  with  moderate  efficiency.  The  most 


attractive  feature  of  this  kind  of  solar  cell  is  the  potentially  low 
manufacturing  cost.  There  are,  however,  several  obstacles  in  the  devel¬ 
opment  of  these  cells.  A  most  important  one  is  the  stability  of  the 
cell  which  is  related  to  the  photo-corrosion  of  the  semiconductor  inter¬ 
face.  Thus,  the  success  of  the  semiconductor-electrolyte  solar  cell 
depends  on  our  understanding  of  the  interface  with  special  attention 
given  to  the  electrical  and  corrosion  properties. 

We  have  developed  a  contactless  technique  of  determining  electrical 
properties  of  the  semiconductor-air  interface  using  a  surface  acoustic 
wave  (SAW)  probe.  This  technique  has  been  extended  to  study  the  semi¬ 
conductor-electrolyte  interface.  Some  of  the  specific  properties  which 
are  expected  to  be  determined  are  surface  conductivity,  surface  mobility, 
space  charge  layer  width,  surface  potential,  and  changes  in  the  locations 
in  the  energy  gap,  densities  and  capture  cross  sections  of  the  surface 
states.  One  important  advantage  of  this  method  of  interface  character¬ 
ization  is  that  the  electrical  properties  can  be  determined  as  the  anod¬ 
ization  is  progressing  and  without  removing  the  sample  from  the  cell. 

Recently,  TAV  spectroscopy  of  the  CdS-Ni Cl  £  interface  has  been 
expanded  to  include  two  beam  spectroscopy.  With  this  technique,  the 
sample  is  illuminated  with  monochromatic  light  of  various  wavelengths 
while  a  second  source  of  fixed  wavelength  is  used  to  stimulate  an  inter¬ 
face  level.  This  two  beam  method  can  clarify  the  effect  that  a  partic¬ 
ular  level  has  on  the  electrical  properties  of  the  interface.  For 
example,  whether  the  level  is  an  electron  donor  or  an  acceptor. 
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2.3  OPTICAL  SIGNAL  PROCESSING  USING  SURFACE  ACOUSTIC  WAVES 

In  the  field  of  optical  signal  processing,  different  configura¬ 
tions  for  real  time  correlators  using  SAW-optic  interaction  have  been 
considered.  The  details  can  be  obtained  from  papers  3,  9,  12,  15,  16, 

23  and  29. 

2.4  HOT  ELECTRON  STUDIES  (Papers  No.  5,  14,  21,  24) 

The  behavior  of  hot  electrons  in  quasi-to-dimensional  semiconductors 
has  been  modeled,  assuming  a  displaced  Maxwellian  distribution  function 
applied  to  a  <100>  inversion  layer  in  silicon.  Under  a  high  electric 
field,  energy  levels  become  grouped  into  subbands,  so  that  motion  of 
carriers  perpendicular  to  the  surface  becomes  quantized;  thus,  the  energy, 
momentum  and  population  transfer  relaxation  times  appropriate  to  the 
individual  levels  must  be  considered  in  the  calculations,  along  with 
their  relation  to  velocity  overshoot.  Previous  work  has  been  performed 
under  the  assumption  that  intervalley  scattering  is  a  local  phenomenon, 
i.e.,  a  function  only  of  electron  temperature  of  the  initial  valley. 

In  this  work,  this  assumption  was  relaxed,  and  the  intervalley  coupling 
of  electron  temperature  is  taken  into  account,  dc  and  transient  response 
characteristics  for  both  uncoupled  and  coupled  models  have  been  calcu¬ 
lated,  and  the  results  compared. 

A  theory  of  transport  of  hot  electrons  in  quasi-two-dimensional 
III -V  compounds  has  been  derived,  but  numerical  considerations  have 
prevented  its  complete  treatment  on  computer,  at  least  with  the  approach 
used  for  silicon  inversion  layers.  Further  work,  based  on  Monte  Carlo 
techniques  will,  hopefully,  allow  complete  calculation  of  dc  and  trans¬ 
ient  response  characteristics,  along  with  the  extension  of  this  theory 


to  GaAs/GaAlxAs.j_x  superlattices. 


A  theory  for  transport  of  hot  electrons  in  bulk  1 1 1 - V  compounds 
was  used  as  a  basis  for  computer  modeling  of  these  semiconductors,  the 
treatment  being  similar  in  scope  to  that  used  for  silicon  inversion 
layers.  Velocity  overshoot  was  observed  in  these  compounds,  due  solely  to 
intervalley  repopulation,  unlike  silicon  inversion  layers,  where  the 
cause  is  differences  between  energy  and  momentum  relaxation  rates.  In 
all  cases,  overshoot  is  a  very  fast  phenomenon,  taking  place  at  about 
10‘12  sec. 

The  treatment  for  bulk  1 1 1 - V  compounds  was  easily  extended  to 
ternary  and  quaternary  alloys  of  III-V  compounds,  dc  and  transient 
response  calculations  for  III-V  compounds  and  their  alloys  yielded,  in 
most  cases,  the  same  principal  features  of  intervalley  repopulation  and 
negative  differential  mobility,  illustrating  potentially  significant 
implications  toward  operation  of  devices  using  these  semiconductors. 


